Three-dimensional behavior of the interface between a structure and gravelly soil is of great concern in the design and construction of large-scale projects. A series of threedimensional tests were conducted to investigate the effect of the shear coupling on the monotonic and cyclic behavior of such interface. In these tests, the interface was first applied with a monotonic shear and then the monotonic and cyclic shears were applied in the orthogonal direction while the original shear was maintained. Based on the test observations, the shear strength of the interface was found to be independent of the shear coupling and proportional to the normal stress. Significant tangential displacement is induced by the orthogonal shear application and the deflection direction of the tangential displacement is proportional to the square of the ratio between the orthogonal shear stress and shear strength.
INTRODUCTION
Mechanical behavior of the soil-structure interface is of great concern for the meticulous static and dynamic analysis of many soil-structure systems. Test observations help to perceive the rules, mechanism, and influencing factors of soil-structure interface, based on which effective constitutive models are formulated to envisage the soil-structure interface behavior (Fakharian and Evgin 2000; Hu and Pu 2004; Zhang and Zhang 2008; Liu et al. 2014; Lashkari 2017; Saberi et al. 2017; Stutz and Mašín 2017; Hosseinali and Toufigh 2018; Saberi et al. 2018) . Literature review reveals that many experimental and theoretical studies have been conducted to apprehend the factors that influence the soil-structure interface behavior. Several factors identified in the literature that predominantly influence the soilstructure interface behavior include soil particle characteristics (shape, mean size and mineralogy), soil density, soil inherent anisotropy, soil moisture content, soil packing, material of structure, surface roughness, surface texture, loading conditions, magnitude of D r a f t Considering the importance of the gravelly soil and scarcity of the literature on the interface between a structure and gravelly soil, a series of experimental and theoretical studies on the rules, mechanism, influencing factors, and constitutive models of such interface have been conducted conclusively (Zhang and Zhang 2006a , 2006b , 2008 Hou 2008; Zhang et al. 2011; Liu et al. 2014; Saberi et al. 2016 Saberi et al. , 2017 Saberi et al. , 2018 . However, a majority of the aforementioned accomplishments are mainly focused on the two-dimensional behavior of the interface between a structure and gravelly soil. Whereas, practically there are many gravelly soilstructure systems that can undergo three-dimensional loadings, i.e. wind waves, ocean waves, lateral loads, combined repeated compression/uplift and earthquake loadings etc. The solution to this problem needs testing of the interface in the three-dimensional mode.
The three-dimensional loadings along the interface are usually idealized as the shear force acting along the two orthogonal horizontal directions while a stress component acting normal to the interface (Fakharian and Evgin 1996) . The application of two shear stress components simultaneously in the orthogonal horizontal directions under a boundary condition is defined as the shear coupling condition in this paper. It can be interpreted that the interface under the shear coupling condition embodies the most pragmatic interface for many soil-structure systems. The shear coupling has been shown to significantly affect the stressstrain relationship and dilatancy behavior of a sand-steel interface through the tests that were conducted by using a specialized apparatus C3DSSI (Fakharian and Evgin 1996; Evgin and Fakharian 1997) . Some studies have also effectively demonstrated that the three-dimensional shearing has a significant effect on the mechanical response of the gravelly soil-structure interface (Hou 2008; Feng et. al 2018) . However, a further research reinforcement is required to pragmatically apprehend the three-dimensional behavior of the gravelly soil-structure D r a f t 3 interface, by investigating the shear coupling effect using the systematic tests for the interface between a structure and gravelly soil, which has not been well investigated in the past.
Consequently, the objectives of the present study are: 1) to conduct a series of threedimensional monotonic and cyclic shear tests on the interface between a structure and gravelly soil; 2) to investigate the shear coupling effects on the monotonic and cyclic behavior of such interface with the help of systematic test observations; 3) to analyze the mechanism and rules of the important characteristics of the interface, including strength, stress-strain relationship, dilatancy, aeolotropy and evolution of physical state under the shear coupling condition.
DESCRIPTION OF TESTS

Apparatus
A series of monotonic and cyclic interface tests were conducted by using a large-scale apparatus, "Tsinghua-80 tonne three-dimensional multifunctional apparatus for the soilstructure interface (Th-80t 3DMASSI)" (Fig. 1 ). This apparatus was specially designed and developed to investigate the three-dimensional monotonic and cyclic behavior of the interface between a structure and gravelly soil (Zhang et al. 2018 ). This apparatus can apply complex monotonic and cyclic loads simultaneously in the three orthogonal directions of an interface plane through a hydraulic servo controlled system. The apparatus allows testing an interface along different and complicated stress paths, such as the cross, elliptical, and customized.
Different boundary conditions can be applied with a high accuracy. For the present study, constant normal load (CNL) boundary condition was applied directly on the structural plate through a vertical loading plate, such that the measured normal stress was directly acting on D r a f t 4 the interface to avoid the container side wall friction. The interface size remains invariable for any type of structural material during the tests. Varying sizes of the sample with different types of molds can be tested. A cuboid direct shear type mold of 500 mm internal width was used for the present study. The maximum size of the sample for the present study was 500 mm in length, 500 mm in width and 300 mm in height.
High loads up to 800 kN in the vertical direction and 400 kN in both orthogonal horizontal directions can be applied through automated control hydraulic cylinders at the varying rates. The corresponding sensors can automatically measure the stress and displacement in all three directions with an accuracy of 0.1%. Control of the apparatus and acquisition of all measurements are fully computerized.
Materials
A rough steel plate was used as a structural element in the tests. The surface of steel plate was designed with the artificially made standard saw-tooth shape. The peak-to-valley height of saw-tooth is termed as the roughness degree, which gives an integrated identification to the surface topography of a steel plate. Steel plate with a roughness degree of 1 mm and sawtooth width of 0.5 mm was used in the tests (Fig. 2) .
A type of angular to sub-angular conglomerate gravels was used in the tests as the gravelly soil ( Fig. 3(a) ). The grain size was distributed from 1 mm to 20 mm with an average grain size of 7 mm and had a poorly graded distribution with C u =1.6 and C c =0.9 (Fig. 3(b) ).
The soil specimen was prepared by compacting the gravelly soil in five equivalent layers into a direct shear container to a required dry density of 1.70 g/cm 3 . The initial void ratio of soil specimen was around 0.5 and relative density was 80%. Similar kind of gravel was used in the two-dimensional series of tests on the interface between a steel plate and gravelly soil D r a f t
(Zhang and Zhang 2006b).
Test Scheme
Interface undergoes the three-dimensional loadings in the various soil-structure systems.
Three-dimensional loading causes the shear coupling when two stress components act simultaneously tangential to the interface under a boundary condition. In a special case of the shear coupling, the interface can be subjected to a constant monotonic shear stress in the ydirection while it is sheared monotonically or cyclically in the x-direction under a constant normal stress. There are many practical cases that conform to such loading schemes, such as the special case of laterally-axially loaded soil-structure systems, where the interface experiences a constant monotonic shear due to any dead load in one direction and monotonic or cyclic shear due to environmental, catastrophic, or anthropic loadings in the other direction.
More specific examples of such loading conditions could be listed as follows. The foundations of transmission lines are subjected to dead loads, wire pull, and repeated lateral and axial loads due to wind or earthquake. The offshore gravity structures are subjected to dead loads and repeated lateral loads due to wind, ocean wave, and ice. The highways and bridges are subjected to dead loads and repeated axial and lateral loads due to traffic, wind, or earthquake etc. Moreover, such test cases could be an effective approach to observe the fundamental rules of the shear coupling effect of the interface. Therefore, the replicating three-dimensional monotonic and cyclic shear tests under the constant normal stress boundary condition were performed to meet the research objectives of the present study.
Three normal stresses, 100, 300, and 600 kPa, were selected in the tests. The shear coupling was realized by the following steps: (1) a shear component (y-axis) was firstly monotonically applied on the interface and then maintained; (2) another shear component D r a f t 6 perpendicular to the former shear component (x-axis) was monotonically or cyclically applied on the interface. In this paper, the former shear component, which indicates different extents of the shear coupling, was selected as 0, 25, and 50% of the normal stress to analyze the effect of the shear coupling. Obviously, there is no shear coupling if the former shear component is zero. It is important to note that the interface was sheared in a stress-controlled manner in the y-direction. Whereas, a displacement-controlled shear was applied in the x-direction. The two components of the shear stress and tangential displacement as well as the normal displacement of the interface were measured during the entire loading. The normal displacement was defined as positive if the compression occurred. In addition, the grain size distribution was measured after each cyclic test.
It should also be noted that the gravels, steel plate, and magnitudes of the normal stress adopted for the interface tests are in line with the previous two-dimensional tests on the similar kind of the interface (Zhang and Zhang 2006b; Zhang et al. 2011) . Nevertheless, to avoid the complexity, the effect of the different boundary conditions, varying surface roughness, and different physical characteristics, and different types of the gravelly soil were not included in the scope of the present study. These effects can be investigated in the future studies. Figure 4 shows the two-dimensional shear test results of the interface, which are referred to as the benchmark for comparison with the shear coupling test results. A displacement controlled shear was applied in the x-direction of the interface. The displacement amplitude D r a f t 7 was adopted to be of 30 mm because of the fact that at this displacement gravel-steel interface behavior had not shown any significant changes. According to the previous studies, the thickness of such an interface is nearly 5D 50 (Zhang and Zhang 2006b). Thus, the average strain at displacement amplitude was around 0.86. The shear stress increased with the increasing shear displacement at a decreasing rate and attained a stable value. It can be seen that there was no obvious peak value in the stress-displacement curve, demonstrated that the interface showed the insignificant strain softening under the constant normal stress condition unlike the sand-structure interface, this behavior is similar to the behavior of the gravelly soil.
TEST OBSERVATIONS
Monotonic tests
The peak shear stress was positively influenced by the normal stress. Normal displacement, which is regarded as the volumetric change, was solely induced by the change in the tangential displacement or shear stress because the interface size and normal stress were invariable during the shear test. Such a volumetric change exhibited dilation if the normal stress was small (e.g., 100 kPa) and compression if the normal stress was high (e.g., 600 kPa).
The stress and normal displacement showed an asynchronous response as the tangential displacement increased. Dilatancy with the insignificant softening, occurs due to the particle size, shape, interlocking of grains of the gravelly soil, and constraint caused by the structure, these parameters induce reduction of the softening and increase in the shear strength of the gravelly soil-structure interface which distinguish it from the sand-structure interface systems.
These results are in a good agreement with the previous understanding of the interface between a structure and gravelly soil according to the two-dimensional tests (Zhang and Zhang 2006b). Figure 5 illustrates the monotonic stress-displacement relationships under a constant normal stress and the shear coupling condition. It can be seen that as the stress-controlled D r a f t 8 shear was applied in the former shear direction, the former shear stress component, τ y , increased with the increasing tangential displacement, u y ( Fig. 5(a) ). Moreover, u y still increased as the perpendicular shear component, τ x , increased while the τ y had been maintained invariable. This result demonstrated that the shear stress-displacement relationship was significantly affected by the perpendicular shear application. Similarly, as the displacement-controlled shear was applied in x-direction while the former shear component was maintained, the τ x increased with the increasing corresponding tangential displacement component, u x , and the τ x -u x relationship was remarkably influenced by the perpendicular shear application (y-axis) (Fig. 5(b) ). In addition, the maximum shear stress in the x-direction decreased with an increase in the perpendicular shear stress, τ y .
The shear coupling application had also a significant effect on the normal displacement of the interface. The interface exhibited significant compression as the former shear stress component, τ y , increased with the corresponding tangential displacement, u y ( Fig. 5(c) ).
Moreover, the interface exhibited compression and then dilation, as τ x increased while τ y had been maintained invariable (Fig. 5(d) ).
Cyclic tests
Figures 6-7 illustrate the typical cyclic test results of the interface, under a constant normal stress and the shear coupling condition. A two-way displacement-controlled cyclic shear was applied in the x-direction with a displacement amplitude of 30 mm (cyclic shear route amplitude was such that 0-(30)-0-(-30)-0) while a former shear component was maintained in the y-direction. The loading rate of the cyclic tests was very low so that the effect of the frequency could be ignored. It should be noted that the tests aim to discuss the effect of the shear coupling on the strength, thus, a large displacement amplitude was used. It D r a f t 9 can be observed that the maximum shear stress in the x-direction, τ x , almost remained invariable within a shear cycle as the number of cycles increased due to the two-way tangential displacement application under a constant normal stress. However, the shear stress may change in different shear cycles if the displacement amplitude is reduced to small enough so as not to reach the strength within the shear cycle, this effect needs an additional investigation. In addition, the maximum τ x decreased with an increase in the shear stress component along the orthogonal y-direction, τ y (Fig. 6) . In other words, the shear stress in the x-direction exhibited a significant coupling with the shear stress in the orthogonal direction.
The tangential displacement in the direction of the former shear component, u y , was also observed during cyclic shear application in the perpendicular direction while τ y had been maintained invariable. u y almost linearly increased with the increasing number of cycles while u x increased and decreased cyclically (Fig. 6) . In Fig. 6 , u y is a cumulative tangential displacement in the y-direction that monotonically increased during cyclic shear (N=0-70).
Thus, it could reach a large value when the number of shear cycles is fairly large, especially under a greater orthogonal shear stress (Fig. 6(c) ). Significant coupling was observed in the tangential displacement during the entire shear history.
The shear stress-tangential displacement relationship in the x-direction was closed within a shear cycle and the maximum value of shear stress was almost same for all the different cycles (Fig. 7) . The loading relationship between the shear stress and tangential displacement in the x-direction became steeper and almost formed a line to the unloading relationship with an increase in the number of shear cycles. The stress-displacement relationship in the xdirection of the interface became more and more similar within a single shear cycle as the number of cycles increased. The change in normal-tangential displacement within a single D r a f t shear cycle also tended to become minimal. The maximum shear stress in the x-direction tended to decrease with an increase in the former shear component in the y-direction.
SHEAR COUPLING EFFECT ANALYSIS
Shear stress-displacement relationship
During the shear coupling, the shear stress is composed of two components. In this paper, the resultant shear stress,, is used to describe the gross shear stress of the interface under the shear coupling condition, as follows:
Similarly, the resultant tangential displacement can be defined as follows: Figure 8 shows the relationship between the resultant shear stress and resultant tangential displacement under different extents of the shear coupling. It is evident that the resultant shear stress-displacement relationship was independent of the shear coupling. This result is in a good agreement with the results presented for the sand-steel interface (Evgin and Fakharian 1997) . In addition, it can be observed that the resultant shear stress-displacement relationship did not exhibit softening, which was confirmed by the monotonic and cyclic shear tests under the shear coupling condition (Figs. 4-5, 7) . Thus, the shear strength of the interface can be referred to as the stable shear stress under a constant normal stress. Figure 9 shows the envelopes of shear stress in the monotonic shear tests under different constant normal stress conditions. It can be seen that the envelopes were nearly circular for all normal stresses. These observations reveal that the shear strength is not affected by the shear D r a f t 11 coupling. This result also indicates that the shear coupling effect has an insignificant influence on the resultant shear stress-displacement. Figure 10 shows the relationship between the shear strength and normal stress under different extents of the shear coupling. It can be seen that such relationship was nearly linear, this indicated that the shear strength is proportional to the normal stress and independent of the shear coupling condition. Therefore, the shear strength of the interface under the shear coupling condition can be formulated by the Mohr-Coulomb strength criteria with the frictional angle,, as the only parameter, as follows: Figure 11 shows the path of tangential displacement when a cyclic tangential displacement was applied along the x-direction while the shear stress along the y-direction was invariable. It can be seen that the tangential displacement path exhibited a zigzag pattern.
The tangential displacement along the y-direction gradually increased during the loading process. This result demonstrated that a significant tangential displacement was induced by the orthogonal shear application. There is a significant coupling in the tangential displacement.
To determine the shear coupling effect on the tangential displacement, the path lengths of the two tangential displacement components were drawn in Fig. 12 . It can be discovered that the path lengths exhibited nearly a linear relationship under different loading conditions. The inclination of the linear relationship, i.e., the ratio between the two path lengths, could be used to describe the deflection direction of the tangential displacement under a complicated shear. It can be observed from Fig. 12 that the deflection direction depended on the shear stress in the y-direction. Figure 13 shows the relationship between the deflection direction and the shear stress in D r a f t the y-direction. It can be seen that the deflection direction of the tangential displacement was proportional to the square of the ratio between the τ y and the shear strength. This is because of the coupling between the two orthogonal shear directions. This relationship could be used to characterize the coupling effect on the shear displacement from the extent of the shear coupling for subjected loading scheme, as the square of the ratio between the orthogonal shear stress and shear strength could be regarded as the extent of the shear coupling here.
Dilatancy behavior
The shear coupling has been illustrated to impose an evident impact on the dilatancy behavior of the interface (Figs. 5-7) . Figure 14 shows the relationship between the normal displacement and resultant tangential displacement under the monotonic shear condition with different orthometric shear stress components. It can be seen that the interface first underwent compression and then dilation for different orthometric shear stress components. The amount of the dilation and compression of the interface depended on the extent of the shear coupling.
The volumetric change, namely normal displacement, was discovered from the cyclic shear tests to be composed of two components (Fig. 15) , as illustrated in the previous papers (Zhang et al. 2011) , which can be formulated by the following equation:
where v ir is termed as the "irreversible component due to dilatancy" and v re is termed as the "reversible component due to dilatancy". v ir can be determined using the maximum normal displacement during a single shear cycle and v re can be determined by subtracting the irreversible component from the normal displacement (Fig. 15) . The reversible component due to dilatancy fluctuated with a recoverable tendency over the shear process. The reversible dilatancy component is nearly closed within a single shear cycle (Fig. 17) .
It is evident from Fig. 17 that the reversible dilatancy component changed from compression to dilation as the resultant shear stress increased. This change point is termed as the transition shear stress. It can be observed that the transition shear moved towards zero as the number of cycles increased when the former shear stress ( y ) was zero. However, a close examination showed that the transition shear stress did not significantly move as the number of shear cycles increased under the significant shear coupling condition ( y =75kPa/ 150kPa). It can be concluded that the shear coupling significantly affects the reversible dilatancy component of the interface. Moreover, the reversible dilatancy tended to decrease as the number of shear cycles increased, this reduction is mainly attributed to the crushing of soil particles near the structure due to the cyclic shear application.
The influence extent is dependent on the extent of the shear coupling. The peak value of reversible dilatancy during dilation within a single shear cycle was analyzed at the different shear cycles for the different extents of the shear coupling (Fig. 18) . The magnitude of peak reversible dilatancy increased with an increase in the extent of the shear coupling. The relationship between the extent of the shear coupling and peak reversible dilatancy appeared as a line.
In addition, the reversible dilatancy component within a single shear cycle was strongly D r a f t 14 dependent on the shear direction (Fig. 17) . For example, the dilation was significantly different in different shear directions. This demonstrated that there was a significant aeolotropy of the interface under the shear coupling conditions, as discovered in the two-way cyclic shear tests (Zhang et al. 2011 ).
Evolution of physical state
To check the effect of the shear coupling on the evolution of the physical state, the particle size distribution of the soil near the structure was determined after each cyclic test (Fig. 19) . It can be observed that the percentage of fines (particles finer than 1 mm) increased as the extent of the shear coupling increased. This result demonstrated that the particle crushing near the structure becomes more and more evident under the shear coupling condition. It can be deduced that the particle crushing contributed to the evolution of physical state and magnitude of the irreversible dilatancy component of the interface.
CONCLUSIONS
A series of shear tests were conducted to investigate the shear coupling effect on the behavior of the interface between a structure and gravelly soil, including the strength, stressstrain relationship, dilatancy, aeolotropy, and evolution of the physical state. The main conclusions of the study are as follows:
(1) The shear strength of the interface is independent of the shear coupling and proportional to the normal stress. 
